The sensitivity of the total ozone distribution in our two-dimensional photochemical model to dynamical inputs has been explored. The residual circulation has been computed from three sets of heating rates but using the same temperature distributions. These heating rates result in advection fields that are appropriately linked with the magnitude of their vertical winds in the lower stratosphere and are called: (1) the strong circulation, (2) the weak circulation, and (3) the combined circulation. Three different formulations of horizontal eddy diffusion have also been investigated, including (1) a small constant diffusion, (2) a computed diffusion from potential vorticity using measured temperatures, and (3) a self-consistent diffusion determined from the meridional velocity. Finally, we studied two different formulations of vertical eddy diffusion: (1) a small constant diffusion and (2) an altitude-dependent larger diffusion. Our modeled global average total ozone varies by up to 10%. depending on the various dynamical inputs, and the seasonal and latitudinal variabilities are even more substantial. The calculations indicate that total ozone in the middle to high latitudes is very sensitive to the advection field below 100 mbar, the region where the heating rates (which are used in computing the advection field) are most uncertain. Modeled total ozone shows better agreement with solar backscattered ultraviolet (SBUV) ozone climatology, when computed horizontal eddy diffusion is used. Our "best" modeled total ozone distribution is a result of using the heating rates from Rosenfield et al. (1987) for pressures less than 100 mbar, along with heating rates from Dopplick (1974, 1979) for pressures greater than 100 mbar. Our model results, especially when comparing model and SBUV ozone between 10 and 1 mbar, indicate that there is an inconsistency between our "best" horizontal eddy diffusion and the "best" mean residual circulation. Our studies indicate a relative similarity of a typical ozone perturbation scenario among the different dynamical inputs. All of the perturbation studies predict the smallest ozone changes in the tropical latitudes, with larger ozone changes in the middle to high latitudes. The major changes in the various perturbation results are in the middle to high latitudes: (1) the peak ozone change is off of the pole in the southern hemisphere (near 60øS latitude) using the strong circulation but centered on the pole for the various other dynamical studies, and (2) the maximum ozone change is centered at times varying from early spring to early summer, depending on which dynamical input is used. Total ozone and ozone change due to perturbation scenarios are probably the most important outputs of atmospheric 2D models. A variety of total ozone distributions have been computed from the several 2D models in use [WMO, 1986]. Each uncoupled 2D model has a formulation of photochemical and dynamical influences on atmospheric constituents, which is, in general, different from that used in other models; however, the ozone depletion predictions from the various models are similar. In particular, all uncoupled 2D ozone depletion predictions indicate that the largest ozone depletion from increasing C1, will occur at higher latitudes, with smaller ozone depletion at tropical latitudes.
We use the 2D model described by Douglass The major species N2 (78% of the atmosphere) and O2 (21% of the atmosphere) were computed using the temperature field from the National Meteorological Center (NMC) and from CIRA (1972) [Rosenfield et al., 1987] and by solving the hydrostatic equation. Reaction rates and photodissociation cross sections are taken from DeMote et al. [1987] . Model time steps are slightly more than 1 day (one time step = one "long" day = on day * (365/360)) and a model year is taken to be 360 of these "long" days.
MODEL EXPERIMENTS
In this section we discuss six model experiments in which the photochemical reaction rates are held constant and only the dynamics are changed. The three different circulations studied were (1) the strong circulation (designated case A), (2) the weak circulation (designated case B), and (3) the combined circulation (designated case C). These nomenclatures arise from the magnitude of the vertical velocities in the lower to middle stratosphere. All three different circulation experiments had the same eddy diffusion representation, which is discussed in section 3.1.1. The three different eddy diffusion studies used the combined circulation and included (1) small horizontal eddy diffusion (designated case D), (2) self-consistently computed horizontal eddy diffusion (designated case E), and (3) large vertical eddy diffusion (designated case F). We compare and contrast the results of these model experiments in the following paragraphs.
Influence of Circulation Changes on
Total Ozone 3.1.1. Strong circulation. For our first model experiment we use the residual circulation described by Jackman et al. [1987, 1988] . This circulation is computed using heating rates and temperatures from Rosenfield et al. [1987] for pressures less than 100 mbar. For pressures greater than 100 mbar, we use heating rates from Wei et al. [1983] . The temperatures are taken from the 4-year average (1979) (1980) (1981) (1982) (1983) of NMC data for pressures greater than 0.4 mbar and from CIRA (1972) for pressures less than 0.4 mbar [Rosenfield et al., 1987] . The temperature distribution changes monthly and is the same in all model experiments included in this study. The resultant advection field is what we call the "strong circulation." The streamlines of the circulation for the months March, June, September, and December are given in Figure 1 . There is strong upwelling in the tropical latitudes, and the motion is down at all times of the year for pressures greater than 100 mbar at the polar latitudes. The stratosphere shows the typical residual circulation pattern, with mostly upward motion above 10 mbar in the summer hemisphere middle to high latitudes, meridional motion from the summer hemisphere toward the winter hemisphere (especially at the low latitudes), and downward motion in the winter hemisphere.
The eddy diffusion is computed from the same data set used to derive the residual circulation. The K .... which are from Newman et al. [1988] , were derived from a potential vorticity computation using NMC temperatures. The K,.
• simply represent the ratio of the mixing on isentropic surfaces to the mixing on pressure surfaces and are computed from the K,.,. values and the potential temperature Jackman et al., 1988] . The vertical eddy diffusion K,, is assumed to be small in the stratosphere (2 x 10 3 cm 2 s-l), increasing with decreasing altitude from the tropopause to 1 x l0 s cm 2 s-I at the ground. SBUV and ozone climatology; uncertainties reach 32% in this band. The SBUV ozone data for pressures less than 100 mbar have uncertainties varying from 3 to 18%, depending on the pressure.
We present similar plots for the case A ozone results in Figure 5 . There are more similarities between the modeled and observed ozone in the bands 100-10 mbar and 10-1 mbar (compare Figures 5b and 5c and 4b and 4c) . The largest disagreement between modeled and observed ozone is in the band 1000-100 mbar (see Figures 5a and 4a) .
The highest level (10-1 mbar) modeled ozone has a smaller amount than is present in the atmosphere at the winter higher latitudes, but the modeled O_• is quite similar to data at low latitudes and even at high latitudes for other seasons. This good agreement between model and data was unexpected and seemingly contrary to earlier studies, which indicated that the modeled ozone is smaller than observed ozone in this region (first discussed by Butler [1978] and Wofs'y [1978] ). On closer inspection of the agreement between model and data, we found that the modeled ozone was less than the data between about 7 and 1 mbar and greater than the data between about 7 and 10 mbar. These differences fortuitously cancelled for an apparent good agreement between 10 and 1 mbar for most of the spatial and temporal extent, except at winter high latitudes. At the winter high latitudes the modeled ozone is lower than the data over the entire range from l0 to 1 mbar.
The middle level (100-10 mbar) shows a good deal of similarity between model and observation; the major difference is that the southern hemisphere ozone maximum is off the pole in the data and not in the case A model results.
The largest difference between the data and model is observed in the lowest level (1000-100 mbar). The strong circulation results in a much stronger gradient from the tropics to the poles than is apparent in the data. The modeled ozone in the tropics shows about a factor of 2 less ozone than that seen in the data, whereas the modeled ozone at high latitudes shows more ozone than observed in the data.
The circulation in case A gives too much upward flow in the tropics and too much downward flow at the high latitudes, especially below 100 mbar. A circulation which has strong downward flow for all 12 months of the year in the model at the high latitudes is incorrect. There needs to be upward motion at the high latitudes for several months of the year or decreased downward motion for several months of the year. In the following paragraphs we investigate other circulations and eddy diffusion representations that are different from this "strong circulation" and give different total ozone distributions. A brief description of each dynamical representation, its case designation, and its value of To, is given in Table 1 . 
Influence of Eddy Di•iision on Total Ozone
The eddy diffusion sensitivity studies discussed below all have the combined circulation (case C) as their advection Figure 13 and To, was computed to be 321 DU. The main difference between the total ozone in cases E and C is that the southern hemisphere peak off the pole in July and August has been partially moved poleward in case E and is also split into two apparent maxima.
3.2.3. Large vertical eddy difJhsion. Our final sensitivity study on eddy diffusion and its influence on total ozone involved vertical diffusion, Kzz. The vertical diffusion is thought to be small in the low to middle stratosphere; however, gravity wave breaking in the upper stratosphere and lower mesosphere should give rise to larger K,z values in that region [Lindzen, 1981] . We use the Kz• derived from rocketsonde wind and temperature data by Nastrom et al. 
PERTURBATION STUDIES WITH DIFFERENT

DYNAMICS
We have run a combined perturbation study with different circulations and with different K. We find that for a perturbation of CI,, increasing from 2.5 to 8.2 parts per billion by volume (ppbv), CH4 doubling, and N20 increasing by 20%, all of the circulations give a very similar global ozone change. For instance, the range in global ozone change is from -2.0% for case B to -2.5% for case E (see Table 1 ).
The major difference observed in using a different circulation and/or diffusion is the latitudinal dependence of the ozone change. We show the effects of using different advection fields in Figures 14a (strong circulation, case A), 14b  (weak circulation), and 14c (combined circulation, case C) . Note that in the case of the strong circulation the peak ozone change is off of the pole in the southern hemisphere and the latitudinal gradient is relatively small. For the case of the weak circulation the peak ozone change is on the pole, but the latitudinal gradient is also very small. In the combined circulation case the peak ozone change is centered on the pole in both hemispheres, with a relatively large latitudinal gradient.
We also show the effects of using different horizontal eddy -2, -3, -4, -5, -6, -7, -8, -9, -10, and -11%. modeled ozone is less sensitive to the eddy diffusion changes that were investigated and is more sensitive to the different studied circulations. Our model ozone results indicate a large sensitivity to heating rates (which drive the residual circulation), especially those used below 100 mbar. Unfortunately, the most uncertainty in the heating rates occurs below 100 mbar [WMO, 1986] .
The atmosphere goes through small year-to-year changes in the ozone distribution that affect the heating rates, which It is interesting that the six perturbation ozone change distributions (Figures 14a-14f ) are somewhat similar, especially in the low and middle latitudes, in spite of the vast change in dynamics. All studies predict the largest ozone changes at the middle to high latitudes, with smallest changes in the tropical latitudes, similar to most other 2D model results (see, for example, WMO [1986] ). The global ozone change in the six studies is also remarkably the same, ranging from 2.0 to 2.5% ozone depletion. In contrast, the sensitivity of global ozone change to photochemical reaction rates was shown to be substantial [Stolarski and Douglass, 1986 ] in a one-dimensional (1D) model study.
The results of our several model experiments indicate that the ozone representation of the atmosphere from our 2D model is imperfect. We have used circulations which give To3 values that bracket the SBUV data. Our results imply that the "correct" 2D residual mean circulation should have a larger vertical velocity in the lower tropical stratosphere than that computed in our combined advection field (case C). The combined circulation is a product of two different sources of heating rates. We plan on including heating rates computed using the same radiative transfer code from the ground up to the mesosphere in a future study (Joan Rosenfield, private communication, 1988).
Finally, this study relates to our work on N20 and the influence of horizontal eddy diffusion [Jackman et al., 1988] . In that paper we concluded that the best model comparison to N20 SAMS data came from the use of larger gyy and values (self-consistent calculation, case E) in our model. Our modeled total 03 using computed K (case C) is qualitatively similar to SBUV data and our modeled total 0 3 using self-consistent K (case E) is less similar to the SBUV data.
Our other results, especially when comparing 03 between 10 and 1 mbar, indicate that more meridional mixing is needed to transport 0 3 to the poles in the wintertime. This means either (1) the computed K are correct qualitatively and occur at the right time of the year but are not large enough, or (2) the combined circulation is too strong and needs to be reduced in the middle stratosphere (the computed K would then be more consistent with this reduced circulation). At the present time, we can only conclude that our "best" horizontal eddy diffusion and mean residual circulation (case C, combined circulation) are not consistent. 0.2, 0.5, 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20 ppbv) . levels are as given in Figure A2 . 
APPENDIX' VARIATION OF OTHER SPECIES
(A) CH4 -CASE F, SAMS
